The objective was to examine differential timing of vitamin C (VC) supplementation during the finishing period (for the first 56, 90, or 127 d) on performance, VC, and glutathione (GSH) concentrations and carcass traits of steers receiving a 0.31 or 0.59% S diet. Angus steers (n = 42) were stratified to pens by initial BW (304 ± 13 kg) and GeneMax marbling score (4.3 ± 0.12), and pens were randomly assigned to 1 of 7 treatments (6 steers/pen and 1 pen/treatment), including a high-S (HS; 0. Final BW and ADG were greater (P ≤ 0.03) and DMI tended (P = 0.09) to be greater in the LS steers compared to HS steers, but G:F did not differ (P = 0.41) by treatment. A treatment × time effect (P = 0.04) for DMI was noted, likely due to lesser DMI between d 91 and 127 for all treatments except the HS VC127 and LS VC56. Plasma VC concentrations of LS steers were less (P = 0.05) than the HS steers. Total (P = 0.06) and reduced (P = 0.03) plasma GSH were greater in HS steers supplemented with VC than the HS CON, but liver GSH were not different due to S or VC (P ≥ 0.13). The ratio of oxidized to reduced liver GSH was greater (P < 0.01) in HS CON than HS steers supplemented with VC. Marbling score, LM area, KPH, and quality grade were not different (P ≥ 0.19) due to diet, but LS steers had greater (P = 0.05) back fat than HS steers. In conclusion, steers fed a HS diet had poorer live performance and unexpectedly greater plasma ascorbate concentrations than the LS-fed steers. Interestingly, increasing days of VC supplementation across the HS diets increased GSH indices, suggesting that although HS diets may negatively affect antioxidant capacity of cattle, supplementing VC may help correct this.
INTRODUCTION
High-S (HS) diets may decrease the growth and carcass performance of cattle (Spears et al., 2011; Uwituze et al., 2011; Richter et al., 2012; Pogge and Hansen, 2013b) . Truong et al. (2006) suggest that S, as H 2 S, might be a factor in the development of oxidative stress by depleting body stores of the antioxidant glutathione (GSH). A ratio of oxidized to reduced GSH exceeding 10% is indicative of oxidative stress (Ithayaraja, 2011) . Pogge and Hansen (2013b) observed a ratio of 28% oxidized to reduced GSH in steers consuming a 0.55% S diet and suggested these cattle were experiencing some oxidative stress. Given that peak H 2 S production occurs within 10 to 35 d after cattle start consuming a HS diet Loerch et al., 2012; Richter et al., 2012) , means to bolster the antioxidant capacity early in the finishing period may decrease or prevent oxidative stress.
Several roles of vitamin C (VC) have been identified in the body, including oxidation-reduction reactions and collagen synthesis (Rebouche, 1991) . Cattle can synthesize VC in the liver, so no exogenous requirement for VC is currently specified (NRC, 1996) . Cattle requirements for VC are unknown, but plasma VC has been observed to decrease during the finishing period (Takahashi et al., 1999) . Supplementation of VC throughout finishing can result in increased marbling score (Yano, 2001; Pogge and Hansen, 2013b) and LMA (Oohashi et al., 1999; Pogge and Hansen, 2013a) . Because maximal H 2 S production occurs early in the finishing period and VC supplementation represents an extra expense to the feedlot producer, our objective was to examine differential timing of VC supplementation during the finishing period (for the first 56 or 90 d or the entire period, 127 d) on growth performance, concentrations of plasma antioxidants VC and GSH, and carcass traits of steers receiving a 0.31 or 0.59% S diet.
MATERIALS AND METHODS
Procedures and protocols for this experiment were approved by the Iowa State University Institutional Animal Care and Use Committee, protocol number 3-13-7225-B.
Animals and Experimental Design
Forty-two purebred Angus steers (230 to 280 d of age) from Iowa State University's McNay Research Farm (Chariton, IA) were transported to the Iowa State University Beef Nutrition Research Center (Ames, IA) in April 2013. Steers were started on a common receiving diet for 7 d followed by a series of 3 step-up diets in which corn gradually replaced chopped hay in preparation for the finishing diet (Table 1) . Steers were fitted with a unique electronic identification tag and adapted to the Iowa State University Feed Intake Management System (FIMS; 4.69 × 6.86 m; 5.63 m 2 /steer). This system allows 1 animal in a pen to eat at a time, and individual intake data are recorded based on each steer's electronic identification tag (Dahlke et al., 2008) .
Prior to the start of the trial, a GeneMax test (scale of 1 to 5, with 5 being the highest marbling potential; Certified Angus Beef, LLC, Wooster, OH; Fike et al., 2013) was conducted. Steers were stratified to treatments by the average of 2 consecutive days' BW collected on d -5 and -4 (304 ± 13 kg BW) and GeneMax marbling score (4.3 ± 0.12; only steers with scores 3, 4, or 5 were used) and randomly assigned to 1 of 7 treatments arranged in an augmented factorial design (6 steers/pen and 1 pen/ treatment). Treatments included 1) a HS (0.59% S) control (HS CON), 2) HS CON + 10 g VC•steer (Pogge and Hansen, 2013a,b) .
The receiving and step-up diets contained concentrations of dietary S that ranged from 0.21 to 0.26% S. 1 Low-S diet: low S (0.31% S) + 10 g vitamin C•steer -1 •d -1 control; High-S diet: high-S (0.59% S) control, no vitamin C, and high S (0.59% S)
2 Vitashure C (donated by Balchem Corp., New Hampton, NY) replaced dried distillers grains plus solubles (DDGS) by 0.16 to 0.21% diet DM to achieve the 10 g vitamin C•steer -1 •d -1 .
3 Two loads of DDGS (Lincoln Way Energy, Ames, IA) were used during the trial. Sulfur concentrations were 0.33 and 0.32% and fat content was 9.59 and 9.74%. 4 Vitamin A premix contained 4,400,000 IU/kg. 7 Sodium sulfate was included at 0.275 or 1.64% diet DM, at the expense of DDGS, to achieve the targeted S content (0.31 or 0.59% S, respectively) in the diet.
8 Sulfur content for treatments are averaged across treatment based on least squares mean averages throughout the entire study.
9 Lipid content was calculated from the analyzed lipid content of DDGS and corn silage, and the NRC value of corn was used (NRC, 1996) .
10 Vitamin E concentrations were calculated based on NRC values for each ingredient (NRC, 1996) .
All steers were limit fed their assigned treatment diet for 5 d prior to the start of the study (d -5 to -1) to decrease the risk of developing S toxicity in steers that were switched to the 0.59% S diet. During the limit feeding period, steers were removed from their respective FIMS pen to a different pen, which allowed all steers access to the bunk at a time, in order to limit the risk of unbalanced diet consumption by steers due to pen social hierarchy. On the first day of limit feeding, feed was delivered at 1.75% BW (DM basis), which was increased by 0.25% of BW for each of the 4 following days. No VC was supplemented during the limit feeding period.
On d -5, steers were dewormed with Ivomec Eprinex Pour-On for Beef and Dairy (5 mg eprinomectin/mL; Merial Animal Health, Duluth, GA); vaccinated with a modified live virus against bovine viral diarrhea types 1 and 2, infectious bovine rhinotracheitis, parainfluenza-3, and bovine respiratory syncytial virus (Bovi-shield Gold 5; Zoetis, Kalmazoo, MI); and implanted with Component E-S (2200 mg progesterone United States Pharmacopeia (USP) and 20 mg estradiol benzoate; VetLife; Ivy Animal Health, Inc., Overland Park, KS). Steers were reimplanted 62 d later (on d 56 of the study) with Component TE-IS (80 mg trenbolone acetate and 16 mg estradiol USP\; implants were donated by Elanco Animal Health, Greenfield, IL).
Steers were weighed on 2 consecutive days (d -1 and 0; BW 311 ± 12.4 kg) at the initiation of the study. Steers were moved back to the FIMS pens on d 0, and a VC premix containing Vitashure C50 (a rumen-protected ascorbate, 50% VC product; Balchem Corp., New Hampton, NY) and dried distillers grains with solubles (DDGS) was used to introduce VC to the appropriate diets (on the first day of the study). The inclusion rate of the VC premix was adjusted, based on weekly DMI averages for each treatment when applicable, in order to maintain the designated VC dose of 10 g VC•steer -1 •d -1 in the diet. Two 25-t semi-trailer truck loads of DDGS (Lincoln Way Energy, Ames, IA) containing 0.32 and 0.33% S and 9.59 and 9.74% fat, respectively, were used in this study. Sodium sulfate was included at 0.28 or 1.64% diet DM in the LS and HS diets, respectively, to maintain a targeted total dietary S concentration of 0.25 and 0.55% S, respectively. Diets were analyzed to contain 0.31 and 0.59% S for the LS and HS treatments, respectively.
Steers were harvested on d 127 (n = 40 steers; 459 ± 6.0 kg BW) at a commercial packing facility in Denison, IA (Tyson Fresh Meats) when greater than 60% of steers in a pen were estimated by visual appraisal, by an experienced evaluator, to have at least 1.27 cm of 12th rib back fat thickness (BF). Individual identification was maintained with each carcass following harvest. Following a 24-h chill period, carcasses were graded according to USDA standards by representatives of the Tri-County Carcass Futurity (Iowa State University Beef Extension, Lewis, IA). Carcass data collected included HCW, marbling score, BF, KPH, LMA, USDA quality grade (QG), and USDA yield grade (YG). For carcass-adjusted performance data calculation, final BW was determined by dividing the HCW by the average dressing percentage of 63%. A 4% shrink was applied to all live BW in the calculation of ADG.
Sample Collection
Steer BW were collected on d -1 and 0, 28, 56 and 57, 90 and 91, and 126 and 127 (final weights). In conjunction with the weigh days, ultrasound measures were conducted on d -5, 56, 90, and 126, capturing LMA, percent intramuscular fat of the LMA (IMF; except on d -5 due to a technical problem), BF, and rump fat thickness image data. Jugular blood was collected from each steer into heparinized tubes (sodium heparin; Becton, Dickinson and Co., Franklin Lakes, NJ) for plasma analysis prior to feeding on d 0, 56, 90, and 126. On d 121 or 122, liver biopsies (n = 24 and n = 17 steers/d, respectively) and ruminal H 2 S measurements (n = 23 and n = 13 steers/d, respectively) were collected 6 h after feed delivery according to the methods described by Engle and Spears (2000) and Drewnoski et al. (2012) , respectively.
Individual ingredients and total mixed rations (TMR) were sampled weekly for DM determination. Samples were dried in a forced-air oven at 70°C for 48 h. Dry matter adjustments were applied to TMR samples by multiplying the percent DM of the appropriate TMR by the as-fed value for each weekly individual intake. Feed efficiency (G:F) was calculated from steer weight gain based on the average BW of the 2 consecutive day weights of d 56 and 57, 90 and 91, and 126 and 127 and total DMI for each interim weight period. Total mixed rations for each treatment were composited by month, and the monthly composites were then analyzed for S content according to the method described by Richter et al. (2012) . Dietary S was calculated by multiplying the percent S by the appropriate TMR samples (DM basis). Supplemental VC intake was calculated by multiplying the percent supplemental VC added in the diet (DM basis) by the weekly DMI.
Analytical Procedures
Jugular blood was transported to the laboratory on ice and was centrifuged at 1,000 × g for 10 min at 4°C. Plasma was aliquoted and stored at -80°C prior to the analysis of the plasma ascorbate (catalog number 700420; Cayman Chemical Company, Ann Arbor, MI) and GSH (catalog number 703002; Cayman Chemical Company). Plasma designated for ascorbate analysis was initially prepared and assayed as previously described by Pogge and Hansen (2013b) .
Liver samples (approximately 0.5 g) for GSH analysis were homogenized with 5 mL of cold buffer (50 mM 2-(N-morpholino)ethanesulfonic acid [pH 6 to 7] containing 1 mM EDTA per g of tissue) and centrifuged at 10,000 × g for 15 min at 2°C, and the supernatant was removed. Prior to storage, the plasma and liver homogenates supernatant for GSH analysis were deproteinated using a 1:1 ratio of metaphosphoric acid and plasma or supernatant samples. All deproteinated samples were stored at -80°C until further analysis. The assay was conducted according to the manufacturer's instructions (Cayman Chemical Company). Briefly, the absorbance of total glutathione (tGSH) and Oxidized glutathione (GSSG) were measured at 405 nm at 5-min intervals over a 30-min period. Reduced GSH (rGSH) was calculated by subtracting GSSG from tGSH values, and the ratio of oxidized to reduced GSH was determined by dividing GSSG by rGSH.
Statistical Analysis
Data were analyzed by ANOVA as a completely randomized design using the Mixed procedure of SAS (SAS Inst. Inc., Cary, NC). The model for the analysis of single time point data from carcass-adjusted performance, liver mineral and liver GSH (total, oxidized, and reduced and the ratio of oxidized to reduced), and carcass data included the fixed effect of treatment. The GenMod procedure of SAS was used to determine differences in the percentages of QG and YG within treatments. Intakes (DMI, S, and VC), ADG, G:F, BW, ultrasound measures, and plasma ascorbate and GSH concentrations (total, oxidized, and reduced and the ratio of oxidized to reduced) were analyzed as repeated measures and included the fixed effects of treatment, time of sampling, and the interaction. Time was the repeated effect, performance data were analyzed by period as dictated by the days cattle weights were collected (d 0 to 28, 29 to 56, 57 to 90, and 91 to 127), and all other data were analyzed by day of sampling (0, 56, 90, and 127). Autoregressive 1 was selected as the covariance structure for all repeated measures analysis, based on the lowest Akaike information corrected criterion. Individual steer was the experimental unit for all data analysis (n = 6/treatment); however, 2 steers in the HS VC56 treatment were removed from test late in the study due to a spinal cord injury (d 104) and death (d 122), respectively. Therefore, for this treatment, the sample size was 4 steers. Day 0 values were used as covariates for the analysis of BW, ultrasound measures, and plasma ascorbate and GSH concentrations (total, oxidized, and reduced and the ratio of oxidized to reduced). Six single degree of freedom contrast statements were constructed prior to analysis: 1) HS diets vs. LS diets, 2) HS CON vs. VC-supplemented treatments within the HS diets, 3) linear effect of days of VC supplementation within HS diets, 4) quadratic effect of days of VC supplementation within the HS diets, 5) linear effect of days of VC supplementation within the LS diets, and 6) quadratic effect of days of VC supplementation in LS diets. Procedure CORR of SAS was used to generate Pearson correlation coefficients to determine the relationship between plasma ascorbate, G:F, marbling score, BF, LMA, and GSH concentrations (total, oxidized, and reduced). Significance was declared at P ≤ 0.05 and tendencies were declared from P = 0.06 to P = 0.10. The values reported in the tables are least squares means.
RESULTS

Intake and Performance
Steer DMI, feedlot performance, and S and VC intakes are reported in Fig. 1 and Table 2 . Based on repeated measures analysis, overall BW were lighter (P = 0.006) among the HS steers compared to the LS counterparts; however, no differences in BW were noted due to VC supplementation within the LS (P ≥ 0.27) or HS (P ≥ 0.16) treatments. Using repeated measures analysis, a treatment × period interaction (P = 0.04) was noted for DMI. Within the HS treatments, from d 0 to 90, the HS CON and HS VC90 treatments increased (P ≤ 0.07) DMI, but HS VC56 was not different (P ≥ 0.25) during this period. All 3 HS treatments decreased DMI (P ≤ 0.009) during the final 37 d of the study. However, the HS VC127 treatment DMI was not different (P ≥ 0. A tendency for a quadratic effect of days of VC on DMI (P = 0.10) was noted within the HS diets. The result is likely attributed to lesser (P ≤ 0.04) DMI of the HS VC56 and HS VC90 steers between d 91 and 127 than the HS VC127 steers. Dry matter intake was not different (P = 0.24) between the HS CON and HS VC127 during d 91 to 127. All treatments showed a decrease (P ≤ 0.01) in DMI between d 90 and 127, except the HS VC127 (P = 0.18).
Sulfur intake showed a treatment × period effect (P < 0.001). Within the HS treatments, the concentration of consumed S increased (P ≤ 0.03) between d 0 and 56. Sulfur intake was not different (P ≥ 0.43) 2 Contrast statements: A = high-S diets vs. low-S diets; B = control (0 VC) vs. VC-supplemented treatments within the high-S treatment; C = linear effect of days of VC supplementation within high-S diets; D = quadratic effect of days of VC supplementation within the high-S diets; E = linear effect of days of VC supplementation within the low-S diets; F = quadratic effect of days of VC supplementation in low-S diets.
3 A 4% pencil shrink was applied to BW; repeated measures analysis: treatment, P = 0.12; period, P < 0.001; and treatment × period, P = 0.18. 4 Repeated measures analysis ADG: treatment, P = 0.07; period, P < 0.001; and treatment × period, P = 0.05.
5 Repeated measures analysis feed efficiency: treatment, P = 0.31; period, P < 0.001; and treatment × period, P = 0.52.
6 Repeated measures analysis S intake: treatment, P < 0.001; period, P < 0.001; and treatment × period, P < 0.001.
7 Repeated measures analysis VC intake: treatment, P = 0.81; d 0 to 90 treatment, P = 0.80; and d 0 to 127 treatment, P = 0.80.
8 Carcass-adjusted performance values are based on final BW calculated from HCW divided by an average dressing percent of 63%; a 4% pencil shrink was applied to initial weights before; ADG and G:F were calculated over the total days on feed.
9 GeneMax overall score includes genomic results of both marbling and gain, 1 to 100; GeneMax marbling and gain scores ranked 1 to 5; greater values for all GeneMax scores are more favorable. Steers were stratified to dietary treatments in part by GeneMax score to account for genetic marbling potential (Fike et al., 2013) . †P ≤ 0.10; *P ≤ 0.05; **P < 0.01.
between d 91 and 127 for the HS CON and HS VC56 treatments, whereas S intake decreased (P < 0.001) and increased (P = 0.05) for the HS VC90 and HS VC127 treatments, respectively, during this period. Within the LS treatments, between d 0 and 56, S intake was not different (P ≥ 0.12). The LS VC56 treatment tended (P ≤ 0.10) to decrease S intake between d 57 and 127. Sulfur intake was not different (P ≥ 0.40) between d 57 and 90 and decreased (P = 0.04) between d 91 and 127 for both the LS VC90 and LS VC127. A treatment × period effect (P = 0.05) was detected for ADG. Within the first 56 d of consuming a HS diet, ADG of the HS CON tended to be less (P = 0.07) between d 0 and 28 and greater (P = 0.05) between d 29 and 56 than the HS VC90 and HS VC127. The HS VC127 had the greatest (P ≤ 0.03) ADG compared to the other 3 HS treatments during the final period. The ADG of the LS steers were not different from the HS steers between d 0 and 90 (P ≥ 0.38) due to treatment; however, between d 91 and 127, the LS VC127 ADG tended to be greater (P = 0.07) than LS VC90 steers and was not different (P = 0.23) from the LS VC56 steers.
Average daily gain of all steers was lesser (P < 0.001), regardless of S content of the diet, between d 0 and 56 and d 91 and 127. Average daily gain was greater (P ≤ 0.01) in the LS steers than the HS steers between d 0 and 28 and d 57 and 90 and tended to be greater (P = 0.07) between d 29 and 56, but gain was not different (P = 0.52) between d 91 and 127. Average daily gain was not affected (P ≥ 0.11) by VC supplementation within either the LS or the HS treatments. No difference (P ≥ 0.25) was noted in feed efficiency due to S content or VC supplementation.
Plasma Ascorbate and Glutathione
Plasma ascorbate concentrations across the study were greater (P = 0.05) in the HS steers compared to LS (5.84, 5.92, 5.88, 5.88, 5.52, 5.64, and 5 .64 mg ascorbate/L [SEM 0.224]), for HS CON, HS VC56, HS VC90, HS VC127, LS VC56, LS VC90, and LS VC127, respectively). No treatment × day (P = 0.48) interaction was noted among plasma ascorbate concentrations (data not shown). All treatments experienced a decrease (P ≤ 0.003) in plasma ascorbate between d 0 (7. 08, 7.80, 7.36, 6.96, 7.36, 7.24, and 6.68 and 127; however, the average feed efficiency and plasma ascorbate across the entire finishing period was not related (R = 0.17, P = 0.29). Plasma ascorbate was not correlated (P ≥ 0.33) with marbling score, BF, or LMA.
A tendency for a treatment × day (P = 0.09) interaction was noted for plasma tGSH concentrations. The VCsupplemented steers consuming the HS and LS VC90 had greater (P ≤ 0.01) plasma tGSH between d 0 and 56 and d 91 and 127 but were not different (P ≥ 0.13) between d 57 and 90 compared to the HS CON, LS VC56, and LS VC127. Based on repeated measures analysis, the CON steers tended (P = 0.06) to have less plasma tGSH compared to the VC-supplemented steers fed the HS diet (Fig. 2) . No treatment × day effect (P ≥ 0.17) was observed for plasma rGSH or GSSG or the ratio of oxidized to reduced GSH (data not shown). Dietary S or VC supplementation did not affect (P ≥ 0.18) plasma GSSG concentrations or the ratio of oxidized to reduced GSH (data not shown) throughout the 127-d finishing period. The HS CON steers had less (P = 0.03) plasma rGSH compared to the VC-supplemented steers consuming the HS diet. Supplementing VC in the LS diet did not affect (P ≥ 0.29) any of the plasma GSH measures. No relationship was identified between plasma GSH concentrations (total, reduced, and oxidized) and plasma ascorbate (d 0, 56, 90, or 127; P ≥ 0.25), marbling score (P ≥ 0.44), or BF (P = 0.69). Plasma rGSH and GSSG Plasma total glutathione: treatment, P = 0.61; day, P < 0.001; and treatment × day, P = 0.09. Contrast statements: control (0 VC) vs. VCsupplemented treatments within the high-S treatment, P = 0.06, and linear effect of days of VC supplementation within high-S diets, P = 0.08. Plasma reduced glutathione: treatment, P = 0.34; day, P < 0.001; and treatment × day, P = 0.17. Contrast statements: control (0 VC) vs. VC-supplemented treatments within the high-S treatment, P = 0.03. Plasma oxidized glutathione: treatment, P = 0.67; day, P = 0.15; and treatment × day, P = 0.37. Pooled SEM = 0.218, 0.268, and 0.214 for plasma total, reduced, and oxidized glutathione, respectively.
were positively (R = 0.39) and negatively (R = -0.37) correlated, respectively, with LMA (P = 0.02).
Liver GSH concentrations (total, reduced, and oxidized; Table 3 ) were not different due to treatment (P ≥ 0.16). The ratio of oxidized to reduced liver GSH was greater (P < 0.01) in the HS CON than the HS steers supplemented with VC. Additionally, a linear effect (P = 0.001) of the days of VC supplementation within the HS diet was noted, which is likely attributed to a lesser ratio (P = 0.05) of the HS VC90 treatment than the HS CON, HS VC56, and HS VC127. There was no relationship between liver GSH (total, reduced, or oxidized or the ratio of oxidized to reduced GSH) and d-127 plasma ascorbate concentrations (P ≥ 0.57).
Liver Mineral Concentrations
Liver mineral concentrations are reported in Table 3 . Liver Cu, Mn, and Zn concentrations on d 122 were not affected (P ≥ 0.14) by dietary S concentration or days of receiving supplemental VC. Liver Fe concentrations within the HS treatments were not altered (P ≥ 0.14) due to VC supplementation; however, a quadratic effect (P = 0.05) of liver Fe concentration due to days of VC supplementation within the LS treatments was noted, which is primarily driven by the approximately 47 mg/kg DM increase (P ≤ 0.10) in the Fe concentration of the LS VC90 treatment compared to the LS VC56 and LS VC127 treatments.
Ultrasound Measures
Carcass ultrasound measures of IMF, LMA, BF, and rump fat are reported in Table 4 . No treatment × day interaction was noted for IMF, BF, or rump fat (P ≥ 0.27); however, a treatment × day interaction (P = 0.008) was noted for LMA. Between d 0 and 90, all steers, regardless of dietary treatment, increased (P = 0.001) LMA. However, only the HS CON, HS VC127, LS VC56, and LS VC127 treatments showed an increase (P ≤ 0.01) in LMA between d 90 and 127, whereas LMA of the HS VC56, HS VC90, and LS VC90 treatments were not different (P ≥ 0.22) from d 90 to 127. Regardless of days of VC supplementation, the HS steers displayed lesser LMA (P = 0.03) and BF (P = 0.01) compared to the LS steers. Intramuscular fat, measured by ultrasonography, tended to be greater (P = 0.10) in the HS CON compared to the VC-supplemented HS counterparts, and increasing days on VC within the HS treatment tended (P = 0.10) to decrease IMF. Within the LS treatment, a tendency for a quadratic effect (P = 0.08) of days of VC supplementation was noted in which the LS VC90 treatment tended to display greater (P = 0.06) IMF compared to the LS VC127 and was not different (P = 0.21) from the LS VC56 treatment. Rump fat showed a tendency for a quadratic effect of days of VC supplementation within the HS treatment (P = 0.07), which is primarily due to the difference (P = 0.03) in rump fat of the HS VC90 and HS VC127 treatments treatment, as the HS CON and HS VC56 were not different (P ≥ 0.13) from either HS VC90 or HS VC127. 3 Contrast statements: B = control (0 VC) vs. VC-supplemented treatments within the high-S treatment; C = linear effect of days of VC supplementation within high-S diets; F = quadratic effect of days of VC supplementation in low-S diets. 4 Ratio of oxidized to reduced glutathione.
*P ≤ 0.05; **P < 0.01.
Carcass Characteristics
Carcass characteristics are reported in Table 5 . Dietary S content and VC supplementation did not affect (P ≥ 0.12) HCW. Dressing percentage was less (P = 0.05) in the HS treatments supplemented with VC compared to the HS CON, and increasing the days of VC supplementation tended to linearly (P = 0.06) decrease dressing percentage. No difference (P ≥ 0.14) in dressing percentage was noted within the LS treatment. Carcasses from the HS steers displayed a lesser (P = 0.05) BF compared to the LS steer carcasses. Within the HS treatment, a tendency for a quadratic effect of days of VC supplementation was observed, which may be attributed to less BF of the 56 and 90 d VC treatments. No difference in BF was noted due to VC supplementation in the LS (P ≥ 0.19) treatments. Longissimus muscle area (P ≥ 0.19), marbling score (P ≥ 0.33), KPH (P ≥ 0.25), and QG (P ≥ 0.37) were not different due to S content or day of VC supplementation.
Yield grade tended (P = 0.10) to be less in the HS treatment compared to the LS steers, and increasing the number of days VC was supplemented within the HS treatment tended (P = 0.09) to increase YG. Yield grade 2 carcasses from steers fed the HS diet showed a tendency (P = 0.06) for a quadratic response to days of VC supplementation, which is driven by the greater percent of YG 2 carcasses from the HS VC56 and HS VC90 steers compared to the HS VC127 steers. The LS VC127 steers tended (P = 0.07) to have a lesser percentage of YG 4 and 5 carcasses compared to the LS VC56 and LS VC90 steers. The HS CON steers tended (P = 0.10) to have a greater percentage of YG 1 and Select carcasses compared to the HS steers supplemented with VC. Increasing the days of VC supplementation within the HS diet tended (P = 0.09) to linearly decrease the percentage of steers grading high Choice, and the percentage of carcasses grading average Choice was greater (P = 0.03) in the LS steer carcasses compared to HS. A quadratic tendency (P = 0.09) was noted within the HS diet, which is driven by the HS VC56 treatment having no carcasses grading (0%) average Choice. The VCsupplemented steers within the HS diet tended to have a greater (P = 0.10) percentage of carcasses grading low Choice compared to the HS CON. No differences (P ≥ 0.20) due to days of VC supplementation within the LS treatments in the percentage of cattle grading low Choice, average Choice, and high Choice were observed.
DISCUSSION
The use of supplemental nutrients in feedlot cattle diets introduces new expenses for producers, which may discourage their use; however, identifying the optimal timeframe to incur maximal benefits from the supplement could decrease the cost experienced by producers. Previously, benefits of supplementing VC to cattle consuming HS diets have been observed (Pogge and Hansen, 2013a,b) ; however, it is understood that the greatest stress from HS diets may occur early in the finishing period as ruminal metabolism of S results in peak H 2 S production Table 4 . The influence of supplementing 10 g vitamin C (VC) . Therefore, this work was undertaken to determine if VC supplementation for shorter periods of time would still express benefits and potentially save money for the beef producer. Dietary S concentrations exceeding 0.42% have been documented to hinder steer performance, specifically decreasing DMI and subsequently ADG and final BW (Spears et al., 2011; Uwituze et al., 2011; Richter et al., 2012; Pogge and Hansen, 2013b) . In the present study, steers consuming a HS diet displayed a lesser ADG and tended to have lesser DMI, whereas G:F was not different due to treatment. These results are similar to those reported by Richter et al. (2012) , who showed that yearling steers consuming a 0.6% S diet had an 11% (0.17 kg/d) decrease in ADG compared to steers consuming a diet containing 0.3% S. Additionally, increasing the number of days that steers consume a HS diet has been shown to decrease liver Cu concentrations of cattle (Underwood and Suttle, 1991; Spears et al., 2011; Pogge and Hansen, 2013b) , and this decrease in liver Cu may be further exacerbated by the addition of VC to the diet ( Van den Berg et al., 1994; Milne and Omaye, 1980; Pogge and Hansen, 2013b) . Surprisingly, in the present study, neither dietary S nor supplemental VC had marked effects on liver Cu concentrations, which may be a result of greater variation in liver Cu concentrations or relatively small animal numbers.
Vitamin C supplementation did not alter performance in the present study between d 0 and 90, but DMI within the HS steers showed a quadratic response to days of VC supplementation between d 91 and 127. When VC was no longer in the diet (HS VC56 and HS VC90 treatments) DMI decreased approximately 0.5 to 1.2 kg/d in comparison to the HS CON and HS VC127 treatments, respectively. The decrease in DMI during this time may be related to a period of extreme heat that occurred between d 99 and 104 after a relatively cool summer (6 consecutive days with temperatures greater Table 5 . The influence of supplementing 10 g vitamin C (VC) Pogge and Hansen (2013b) , who supplemented 10 g VC•steer -1 •d -1 (same VC source as in the present study) for 149 d to calf-fed steers (approximately 8 mo of age). Alternately, Pogge and Hansen (2013a) indicated that increasing the dose of supplemental VC (0, 5, 10, or 20 g VC•steer -1 •d -1 ; same source as the present study) to yearling steers consuming a 0.55% S diet linearly decreased DMI while tending to increase feed efficiency. Although no treatment differences were noted in feed efficiency in the present study, plasma ascorbate concentrations on d 127 were positively correlated with feed efficiency between d 91 and 127 but not during other periods of the current study. Bottje and Carstens (2009) suggested that differences in overall animal feed efficiency might be related to mitochondrial efficiencies, as electrons leaking from the electron transport chain can increase the risk of reactive oxygen species (ROS) formation, which can damage protein, lipids, and DNA by oxidation. Because ascorbate and GSH are major intracellular (and mitochondrial) antioxidants and both are involved in the regeneration of the other to its reduced form, it may be considered that a means to increase the antioxidant capacity of cells (and mitochondria) would impede the formation of ROS and decrease the damage to intracellular components, which may aid in improving efficiency of the animal.
Increasing the sulfate concentration in the diet can bombard cattle with excess S in the rumen, as sulfate is reduced to sulfide and sulfide, which may be absorbed across the rumen wall or inhaled as eructated H 2 S. Peak H 2 S production, resulting from ruminal metabolism of sulfate, occurs within the first 10 to 35 d of cattle consuming a high-concentrate, HS diet Loerch et al., 2012; Richter et al., 2012; Pogge and Hansen, 2013b) . Because excess S can be cleared by conjugation with GSH, during this initial period of excess S exposure, a decrease in GSH may occur. Truong et al. (2006) suggested that the depletion of GSH, as a result of H2S exposure, might contribute to the development of oxidative stress. Briefly, H2S can impede the activity of cytochrome c oxidase of the electron transport chain and increase the release of Fe from the storage protein ferritin, thus increasing the production of ROS. A greater accumulation of ROS can overwhelm the antioxidant capacity of the cell, thus contributing to oxidative stress (Truong et al., 2006) .
As mentioned before, VC and GSH share a regenerative relationship, and it was hypothesized that supplementing VC to steers consuming a HS diet may contribute to the overall antioxidant capacity and provide a sparing mechanism for GSH. In the present study, steers fed the HS diet and received supplemental VC had greater plasma total and reduced GSH concentrations compared to the HS CON. Many of the differences identified among plasma GSH measures were within the HS treatments, which lends support to the hypothesis that a prolonged exposure to H2S may diminish plasma GSH availability for antioxidant functions and contribute to the development of oxidative stress (Truong et al., 2006) . However, there was no difference in plasma GSH values across S concentrations, indicating that although the addition of VC to the HS diets improved the plasma GSH measures, these differences are unlikely to hold biologically relevance. Additionally, there was no correlation observed between plasma or liver GSH and ascorbate concentrations.
Liver GSH concentrations were not different due to S or VC in the diet. However, the ratio of oxidized to reduced GSH was less when VC was included in the HS diet for at least 90 d. Ithayaraja (2011) indicated that in healthy tissue, the percentage of liver GSSG should be no more than 10% of the tGSH, as this is an indicator of oxidative stress; however, all treatments in the present study had ratios greater than this critical threshold by approximately 2-fold. Pogge and Hansen (2013b) reported similar ratios (liver) when steers consumed a 0.55% S diet for 149 d, but in that study, the addition of 10 g VC•steer -1 •d -1 to the 0.55% S diet decreased the ratio of oxidized to reduced GSH by 75% (from 0.28 to 0.07 for 0.55% S diet without or with supplemented VC). However, in the present study, the decrease in the oxidized to reduced GSH ratio by 4.5 to 20% as the days of VC supplementation increased was less extreme than values that were noted by Pogge and Hansen (2013b) .
Circulating ascorbate is extremely variable within cattle, as serum ascorbate concentrations measured in Japanese black cattle at harvest ranged from 0.81 to 16.78 mg/L (Takahashi et al., 1999) . These authors subsequently identified a general trend for plasma ascorbate to decrease during the finishing period, regardless of initial ascorbate concentrations. Pogge and Hansen (2013b) reported the addition of high concentrations of S to finishing steer diets magnified this decreasing trend in plasma ascorbate of finishing cattle fed a HS diet (45% decrease over the first 90 d), specifically within the first 90 d. In the present study, plasma ascorbate concentrations decreased approximately 30%, regardless of dietary S concentration. Tsao and Young (1990) indicat-ed that the supply of exogenous VC (dietary) decreased the endogenous production of VC in the liver of mice, a species capable of synthesizing VC. Although similar research has not been conducted, in cattle it is reasonable to assume a similar interaction may be occurring.
Cattle in the present study had plasma ascorbate values that exceed the normal range (2.4 to 4.7 mg/L) reported by Smith et al. (2009) , indicating excellent VC status of cattle in the present study. Plasma ascorbate values reported in the current study are similar to those reported by reported by Knight et al. (1941) and Pogge and Hansen (2013a) ; however, in these studies, no decrease in plasma ascorbate was observed. The lack of a decrease in ascorbate concentration in response to treatment may be related to the age of the cattle used in the respective studies, 3-yr-old cows by Knight et al. (1941) and Pogge and Hansen (2013a) compared to calf-fed steers (8 mo of age) used in the present study and by Pogge and Hansen (2013b) . The differing response in plasma ascorbate during the finishing period may indicate that calf-fed cattle have a greater requirement for VC compared to yearling steers. However, no data are available to support or contradict this idea. Furthermore, it should not be over looked that the lack of difference in plasma ascorbate concentrations in the present study may be associated with the use of an oral dose of VC as opposed to injection or jugular infusion (Knight et al., 1941; Hood, 1975) . Within the Japanese black breed of cattle, Matsui (2012) reported that plasma ascorbate concentrations of calves, fattening heifers and steers, and replacement heifers remained moderately stable up to approximately 13 mo of age, after which circulating VC progressively decreased. Matsui (2012) proposed that plasma ascorbate is decreasing as a result of the fattening of cattle rather than age, which may be reflective of the greater number of days on feed and generally greater marbling potential of the Japanese black breed of cattle in comparison to typical U.S. feedlot cattle. In the present study, the relationship between plasma ascorbate and plasma GSH (d 127), marbling score, and BF were examined, as a greater quantity of lipids may increase the risk for oxidation and contribute to the depletion of antioxidants; however, no relationship was observed among any of the measures.
The benefits of VC supplementation to feedlot diets have been primarily noted in carcass characteristics and meat quality; however, the timing of VC supplementation to cattle diets may influence these benefits. Oohashi et al. (1999) reported no difference in BF of Japanese black steers consuming 50 g VC•steer -1 •d -1 for differing time periods throughout a 15-mo finishing period (the initial 7 mo, the later 8 mo, or the entire 15 mo), but VC inclusion to the diet during the first 7 mo of finishing increased lipid accumulation in steers whereas VC supplementation during the latter 8 mo period increased LMA, which authors attributed to a potential growth promoting effect of VC. Similarly, the supplementation of VC for the entire finishing period of calf-fed steers (149 d; Pogge and Hansen, 2013b) and yearling steers (102 d; Pogge and Hansen, 2013a ) consuming a HS (0.55%) diet increased marbling score and BF in calf-fed steers (Pogge and Hansen, 2013b) and LMA in yearling steers (Pogge and Hansen, 2013a) . Dissimilarly, no effects of supplemental VC on marbling score or LMA were noted in the present study. Back fat thickness in the present study was not different due to VC supplementation, but rather BF was altered by the concentration of S in the diet. A trend for greater BF by the LS steers was noted on d 56 of the study by ultrasonography and the trend continued throughout the remainder of the study.
The lack of VC or dietary S effects on marbling score and LMA in the current study may be attributed to the source of cattle selected for the study and concentrations of plasma ascorbate. The steers used in the present study were from an Angus herd that has undergone many years of intensive genetic selection for greater quality grades (marbling). Therefore, the similar marbling scores of cattle consuming the LS and HS diets may not accurately show the impact that dietary S or supplemental VC could have on marbling development. Interestingly, although all steers had a greater genetic predisposition for marbling, the HS CON was the only treatment in which any steers graded Select (17% of the HS CON). Additionally, the plasma ascorbate concentrations reported by Pogge and Hansen (2013b) were approximately one-third the values noted in the present study, but the marbling score was increased by a quality grade (from Select+ to Choice-) when VC was supplemented in the HS diet (0.55% S; Pogge and Hansen, 2013b) . In contrast, plasma ascorbate concentrations greater than 4.40 mg/L in yearling steers (Pogge and Hansen, 2013a) and calf-fed steers in the present study consuming a HS diet resulted in no effect on marbling score, which may indicate there is a threshold for plasma ascorbate concentration to influence marbling potential. Further work is needed to clarify the relationship between circulating ascorbate and marbling development in beef animals.
The results of this experiment demonstrate that increasing dietary S content decreased steer ADG and final BW and tended to decrease DMI, although limited effects of dietary S and supplemental VC were noted on carcass traits. Steers fed the HS diets showed no indication that increasing the days of VC supplementation had any influence on steer performance. Additionally, the regenerative relationship between VC and GSH may indicate that VC supplementation could provide a sparing mechanism for GSH if cattle experience oxidative stress when consuming HS diets.
